We present recent results of 3D magnetohydrodynamic simulations of neutron stars with small misalignment angles, as regards the features in lightcurves produced by regular movements of the hot spots during accretion onto the star. In particular, we show that the variation of position of the hot spot created by the infalling matter, as observed in 3D simulations, can produce high frequency Quasi Periodic Oscillations with frequencies associated with the inner zone of the disk. Previously reported simulations showed that the usual assumption of a fixed hot spot near the polar region is valid only for misalignment angles Θ relatively large. Otherwise, two phenomena challenge the assumption: one is the presence of Rayleigh-Taylor instabilities at the disk-magnetospheric boundary, which produce tongues of accreting matter that can reach the star almost anywhere between the equator and the polar region; the other one is the motion of the hot spot around the magnetic pole during stable accretion. In this paper we start by showing that both phenomena are capable of producing shortterm oscillations in the lightcurves. We then use Monte Carlo techniques to produce model lightcurves based on the features of the movements observed, and we show that the main features of kHz QPOs can be reproduced. Finally, we show the behavior of the frequencies of the moving spots as the mass accretion rate changes, and propose a mechanism for the production of double QPO peaks.
INTRODUCTION
Quasi Periodic Oscillations (QPO) have been observed in many X-ray sources for the last 24 years (van der Klis et al. 1985; Lamb et al. 1985) . They appear as broad peaks in the power spectra, with a behavior dependent on the source state, the mass accretion rate, and other physical properties of the sources. They are present in both neutron star (hereafter NS) and black hole (BH) sources, sometimes with peculiar similarities between the two classes of objects (see van der Klis 2006, for a review).
Of particular interest are the kHz QPOs: they were first discovered in the Low Mass X-ray Binary (LMXB) and Z source Sco-X1 (van der , to be then observed in the spectra of nearly all Z and atoll sources, as well as several mbachett@ca.astro.it † romanova@astro.cornell.edu weak LMXBs (see for example Strohmayer et al. 1996; Wijnands et al. 1997) . They have frequencies between 300Hz and 1.2kHz (see van der Klis 2006) . The peaks move with timescales of hours/days and their quality factor Q = ν/∆ν (ratio between the frequency and the width of the peak, a measure of coherence) is not constant, but can be related with the QPO frequency di Salvo et al. 2003; Barret et al. 2006) and with the mass accretion rate (see for example Méndez 2006) .
The kHz QPOs usually appear as a pair of peaks (the twin peaks), labeled "upper" and "lower" (and their frequencies, accordingly, ν u and ν l ). While on timescales of hours the two frequencies change, their difference ∆ν = ν u − ν l tends to be almost costant. As with the discovery of burst oscillations and Accreting Millisecond Xray Pulsars (hereafter AMXP) (Wijnands & van der Klis 1998) the spin frequencies ν * of more and more accreting neutron stars were measured, an interesting behavior was observed:
c 0000 RAS arXiv:0911.4493v3 [astro-ph.HE] 2 Nov 2010 ∆ν was usually found to be close to either ν * or 0.5ν * . Recent works (see for example Méndez & Belloni 2007) call this assumption into question. In particular, it can be shown that ∆ν could in principle be independent from ν * .
It has been shown that the kHz QPOs frequency is correlated, at least on a given system and for short timescales, with the X-ray count rate (Méndez et al. 1999 ) and thus also, probably, with the mass accretion rate.
Many models have been developed to explain the kHz QPO phenomenon. They involve a number of different mechanisms, like for example relativistic precession frequencies (Stella & Vietri 1998) , relativistic resonances (Kluzniak & Abramowicz 2001) , beats between the keplerian frequency at a particular radius in the disk and the frequency of the star Lamb et al. 1985; Miller et al. 1998; Lamb & Miller 2004) , oscillations in the comptonizing medium (Lee & Miller 1998) . Recently, Lovelace & Romanova (2007) and Lovelace et al. (2009) found and analyzed a radially localized Rossby wave instability which exists in the inner region of a disk around a magnetized star where the angular rotation rate of the matter decreases approaching the star. This instability may explain the twin kilo-Hertz QPOs observed in some LMXBs. The importance for QPOs of the disk angular rotation rate having a maximum was discussed earlier by Alpar & Psaltis (2005 Most of the models of kHz QPOs, based on the fact that QPOs also appear in black hole systems and there seems to be a link between ν l with frequencies observed in black hole systems (Psaltis et al. 1999) , try to explain the behavior of kHz QPOs in both the neutron star and the black hole cases, excluding the possibility of a surface emission. Gilfanov & Revnivtsev (2005) claim that, according to spectral emission properties of QPOs, in Atoll and Z sources periodic and quasiperiodic emission is more likely to be produced on the surface of the star.
During the past years MHD simulations have been amongst the most fruitful methods to investigate accreting magnetized stars (see for example Goodson et al. 1997; Romanova et al. 2002 Romanova et al. , 2003 Romanova et al. , 2004 Kulkarni & Romanova 2005; Bessolaz et al. 2008; Long et al. 2008; Romanova et al. 2008) . 3D simulations have given insight into the way matter accretes, showing in more detail trajectories, shapes of magnetic field lines, shapes and movements of hot spots on the surface of the star (see for example Romanova et al. 2003 Romanova et al. , 2004 .
Simulations show that matter may accrete in several different regimes:
• the stable accretion regime, when matter is stopped by the magnetic field and conveyed to the magnetic poles via the so called funnel flow (Romanova et al. , 2003 Kulkarni & Romanova 2005) ;
• the unstable regime, when Rayleigh-Taylor instabilities form at the boundary between the disk and the magnetosphere Romanova et al. 2008; , and accretion takes place through tongues of matter from the inner edge of the disk to random places between the equator and the magnetic poles;
• the magnetic boundary layer regime, during which the disk is very close to the surface of the star and the accretion takes place via two big antipodal equatorial tongues which rotate with the frequency of the inner disk ).
One of the interesting phenomena observed in 3D simulations is the movement of spots around the magnetic pole of the accreting star, both in stable (Romanova et al. 2003 (Romanova et al. , 2004 and in unstable regime ). It was noticed that in some cases, such as in the magnetic boundary layer regime, the moving spots produce QPO features Recent works (Lamb et al. 2009a,b) investigate the wandering of hot spots at which matter accretes in sources with a small misalignment angle, finding that it might affect the coherence of the pulsed signal from neutron stars and even destroy it, being the origin of the transient emission in AMXPs. The movements hypothesized in those works, though, are different from the movements observed in our 3D simulations, where the motion of the hotspots is a rotational motion around the magnetic pole or in the equatorial region, on timescales of milliseconds. Moreover, the dimension of the hotspot in those two works (a radius of ∼ 25
• ) does not find confirmation in our simulations. It corresponds to the dimension of the whole "hot ring" where our hotspots (much smaller) move (see Fig. 1 ).
In this paper we show that the observed movements carry with them the information of disk frequencies near the inner disk, and their effect is the production of quasi-periodic oscillations at the relative frequencies. We perform a series of 3D MHD simulations (mostly for the cases of very small Θ) and analyze the rotation of the spots and the related frequencies in detail. MHD simulations can only follow the motion of the disk on very short timescales compared to the disk evolution timescale and the observational time. For this reason, we use the features of the moving spots produced in simulations to generate long lightcurves by means of Monte Carlo techniques, showing that the motion observed produces QPOs. Then, we show that the phenomenon follows a predictable behavior as the mass accretion rate changes.
We start in §2 with a general description of the 3D MHD model used for this work. Then, we show the way spots move in our simulations in §3. We then show with a Monte Carlogenerated lightcurve our model of surface QPO production in §4. Finally, in §5 we show how the angular velocities of hot spots correlate with the mass accretion rate.
MODEL USED FOR 3D SIMULATIONS
We model the accretion disk around a neutron star as a single fluid plasma, interacting with the star's magnetic field. We then solve the complete system of MHD equations in the co-ordinate system rotating with the star )
where ρ is the density, v is the velocity of the fluid, g is the gravitational acceleration, B is the magnetic field, is the momentum flux-density tensor, and S is the density of entropy. The equations are solved by means of the Godunov scheme (Kulikovskii et al. 2001) , using a cubed-sphere grid. The outward transfer of angular momentum in the disk is produced by an α-type viscosity (Shakura & Sunyaev 1973) . A detailed description of these equations and their implementation can be found in Koldoba et al. (2002) .
The potential well around the neutron star is represented by the pseudo-Newtonian potential described in Paczyński & Wiita (1980) , in order to take into account relativistic corrections to the movement of matter around the star. This potential is described by the equation
where R g = 2G M /c 2 is Gravitational Radius (equal to the Schwarzschild Radius). This form of the potential gives the correct values for the marginally bound circular orbit and in particular the innermost stable circular orbit (ISCO) in the Schwarzschild non-rotating BH case. This can be useful to interpret the results of this work in terms of theoretical models taking the ISCO as a fundamental quantity for understanding QPOs.
Conventions and units
All quantities used in the 3D code are dimensionless. Hereafter, given a dimensional quantity , we call = / 0 the corresponding dimensionless unit, where 0 is the reference value for . Every result can be applied to different physical systems, evaluating the 0 s by choosing the right values of three fundamental dimensional parameters:
• M : the mass of the star;
• R: its radius;
• µ: its magnetic moment, corresponding to a dipolar surface magnetic field B = µ/R 3 .
At the start of simulations, we fix the following dimensionless parameters:
• the corotation radius r c , defined as the radius where the Keplerian angular velocity equals the star's angular velocity. It sets the rotational velocity of the star (see Eq. 6);
• the viscosity α, on the model of Shakura & Sunyaev (1973) ;
• the magnetic moment µ, and possible non-dipolar components, which are not used in this work. Alternatively, µ can be considered as a parameter to set the size of the magnetosphere and the mass accretion rate (see Eq. 8);
• the misalignment angle Θ, the angle between the magnetic axis and the rotation axis.
The reference quantities are calculated as follows:
• r 0 = R/0.35, the reference distance from the center of the star, chosen this way for convenience, because of the vicinity of r = 1 to the usual range of magnetospheric radii;
• µ 0 = µ/ µ and B 0 = µ 0 /r 3 0
; then, the surface magnetic field is B * = (0.35) −3 B 0 µ;
1/2 , the reference velocity;
1/2 , the reference angular velocity; • P 0 = 2πr 0 /v 0 , the Keplerian period at r = 1 as the reference time;
as the reference density;
as the reference mass accretion rate;
is the reference luminosity from which we obtain
( r c R)
where ν * , τ * ,Ṁ and L are the frequency of the star, its period, the mass accretion rate and luminosity respectively. Ṁ and L are returned by the code at every time step. L is calculated under the assumption that all the energy of the accreted matter is converted into luminosity. Equation 8 gives us a way to use the parameter µ to effectively measure the accretion rate. Instead of using the simplest interpretation, according to which µ is a dimensionless measure of the magnetic field, we can in fact change B 0 in order to make B * constant, changing effectively the mass accretion rate reference valueṀ 0 .
General information about the simulations in this paper
Unless otherwise specified, throughout this paper all results are referred to a neutron star with
The magnetic field will be either B = 10 8 G or B = 5·10 8 G. With these parameters, the gravitational radius of the Paczynski-Wiita potential is R g ≈ 4.16km while the ISCO is at a radius R ISCO ≈ 12.5km (in dimensionless units, r = 0.435).
The grid used for most of the simulations has 72 cells in radial direction and 31 along every side of the six blocks of the cubed sphere. The simulations shown have been produced in the period January -June 2009, using the High Performance Computing facilities of NASA (Pleiades, Columbia) and CINECA (BCX).
3D SIMULATIONS AND SPOT MOVEMENTS
In this section we show how spot motions can produce visible features in the lightcurves. In this case matter pressure is such that the magnetic field is not able to convey all accreting matter to the magnetic poles. Instead, instabilities form at the truncation radius, creating tongues of accreting matter which fall onto the surface in random places. Accretion takes place both in the polar region and in the rest of the surface
Stable, unstable, strongly unstable regimes
The magnetic field of a NS is usually strong enough to truncate the accretion disk at a certain distance, called inner radius or magnetospheric radius, where the magnetic and material stresses are equal (Ghosh & Lamb 1979) . In most cases, if the inner radius is comparable with the corotation radius, accretion takes place in a stable fashion: matter is stopped in the disk by the magnetic field and moves towards the magnetic poles with the magnetic field lines acting like an invisible funnel (see Fig. 1, left) . Depending on the misalignment angle, the hot spot can either be almost fixed or move in a ring-like zone around the magnetic pole (e.g. Romanova et al. 2003) , with an angular velocity dependent on the Keplerian velocity of the zone of the disk which the matter comes from. For the cases in this paper, the misalignment angle is very small (Θ = 2
• ) and we observe that the hot spot almost always rotates (e.g., Fig. 1 , right three columns). In Fig. A1 several test cases at various Θ are plotted, showing that the spot movement is less and less pronounced as Θ increases, as expected.
This hotspot movement can be visualized in this way: for a moment let us imagine the star as a perfectly aligned rotator. Matter falling onto the polar caps forms a sort of whirlpool. If density enhancements of the flow are formed (see Fig. 1 and also Fig. 2 , bottom left: the density over the funnel is not constant) these density enhancements rotate around the magnetic pole with the angular velocity of the zone of the disk they come from.
But when the disk comes closer, either for a weak magnetic field or for a high accretion rate, Rayleigh-Taylor instabilities appear at the interface between the disk and the magnetosphere. These instabilities produce long and narrow tongues of matter, that penetrate the magnetosphere and fall towards the equator. Matter spilling through the magnetospheric boundaries can, at this point, fall onto the equator or be diverted by the magnetic field lines to a random point between the equator and the magnetic poles (see Fig. 2 , left; see also . In this case multiple hot spots appear, whose duration is normally shorter than in the stable case, and whose motion is more complicated, because the tongues of matter originating them follow random paths before reaching the star. The formation of instabilities does not usually prevent the funnel from forming, as Fig. 2 shows. The angular velocities of the unstable spots are measurable from the spot-omega diagram described below and thus, as we are going to see in the next sections, they can give observable effects on the lightcurves.
If the disk comes very close to the surface of the star, matter can penetrate the field lines forming two ordered antipodal tongues which fall towards the equator of the star ), as in Fig. 3 . The hot spots produced in this way last longer than in the above cases, and move with a stable angular velocity corresponding to the Keplerian velocity at the truncation radius.
The spot-omega diagram
We need a tool to describe the movement of the hot spots on the surface of the star in a quantitative way. A tool which not only highlights the movements, but also gives us a way to measure their angular velocity and their duration. The contour levels show the density distribution on the star's surface, as seen from the magnetic pole. To draw the spot omega diagram, we choose a ring around the magnetic pole, delimited by the dashed lines. Then, for every direction φ we plot the average density in the area delimited by the ring borders and the directions φ + dφ and φ − dφ, obtaining a plot like the bottom of Fig. 5 The spot-omega diagram, first introduced in , shows the variation of the azimuthal density distribution around the magnetic pole during accretion. To obtain it, we choose a ring around the magnetic pole as in Fig. 4 , whose limits are two angles θ 1 and θ 2 with respect to the magnetic pole. Then, for every direction φ around the magnetic pole, we calculate the average density of accreting matter in the area enclosed by φ ±∆φ (with ∆φ a small step) and the borders of the ring. We do this for every time step of our simulation. This gives us the azimuthal density distribution as a function of time.
In the resulting diagram, rotations of the spots appear as drifts of the maximum of the flux with time. If we draw a line along the drifts, evidently ω = ∆φ/∆t, and so the slopes of the curves give us a measure of the angular velocity of the moving spots.
To highlight movements which are longer than one rotation around the star, we can replicate the plot in the vertical direction, going from φ = 0 to, say, φ = 8π instead of 2π, obtaining for example the plot shown in Fig. 5 .
The spot-omega diagram can be analogously used to track the hot spots formed in the equatorial plane, choosing as θ 1 and θ 2 two angles that enclose the equator, measured with respect to the rotational axis instead of the magnetic axis.
Measurement of the hot spots' frequency with the spot-omega diagram
In the spot-omega diagram the movement of the spots is shown by the variation of position of the flux maxima with time. The angular velocity ω of the spots is straightforward to calculate from the slopes of the curves the moving spots produce. The values in the boxes are the angular velocities in the frame of reference of a distant observer, in units of ω * . Before utilizing the frequencies obtained from the spotomega diagram, let us justify its use. Our goal is to show that the movements whose frequencies can be observed in the spot-omega diagram also produce oscillations in the lightcurves, and thus traces in the power spectrum.
After obtaining the diagram, we independently calculate the lightcurve produced by the surface of the star. This lightcurve is produced in the approximation of perfect black body emission of all the kinetic energy of the accreting matter and includes corrections for relativistic Döppler effect, light bending and time delay (Kulkarni & Romanova 2005) .
We analyze it with a wavelet transform, in order to verify if frequencies associated with the spot movement can be extracted by means of spectral analysis.
Here we show an example of stable accretion onto a neutron star. The parameters chosen for this case are r c = 1.5 (corresponding to a NS with τ * = 4.1ms), Θ = 2
• , α = 0.04, µ = 2. The results for this case can be summed up as in Fig. 5 .
Not surprisingly, we can see a correlation between the slopes observed in the spot-omega diagram and some features of the wavelet transform. Moreover, we should take into account the fact that the typical time scale of our simulations is a few rotations of the star (milliseconds in the case of AMXPs). The wavelet transform only has a very short time to record spectral features. In real accreting systems, time scales for average density changes in the disk are much longer. Therefore, we can reasonably expect to see the emission from the moving spots as spectral features, in contrast with the usual assumptions found in the literature.
As shown in Fig. 6 , the velocity of the spot is consistent with the Keplerian velocity of the zone of the disk where the funnel starts from.
Thus, so far we have shown that spot motions produce visible features in the power spectra, and can be tracked using the spot-omega diagram.
MONTE CARLO SIMULATION OF LONG-TERM LIGHTCURVES AND PRODUCTION OF QPOS
In the last section we showed that during accretion, in both the stable and the unstable cases, spots can move on the surface of the star with a different velocity than the star itself. What is evident from our simulations is that the moving spots are as bright as the ones produced in other simulations, in which the spots were fixed. If the fixed spots are able to produce the strong and stable signal we observe in Accreting Millisecond Pulsars, we believe that the moving ones must be visible through particular features in the power spectrum.
We suggest that QPOs may be among these features. To show this, we start by observing that the spot movements shown in 3D simulations last a very short time, only a few rotations of the star, because disk conditions are changing very fast. In real accretion disks, disk properties change on much longer timescales, say minutes at least. We can safely assume that if movements of spots exist, they will probably last much longer than in simulations. Nonetheless, we can expect the flux of matter not to be constant, and so the spots may be sometimes brighter, sometimes less.
These bright moving spots emit a signal which, from an observer point of view, must be modulated with a frequency corresponding to the angular velocity of the spots in the observer's frame. Our way to model this kind of emission is to imagine consecutive trains of sinusoids, of variable duration and amplitude but constant or quasi-constant frequency. To simulate the non-pulsed emission from the disk, we add a fixed background.
Furthermore, we see from simulations that near the ν * −µ plane, where the infall of matter is slightly more favorable, the spots are slightly brighter on average. We model this as an additional pulsed signal to add to the rest of the lightcurve. This pulsed signal, coming from a fixed point on the star, is rotating with the star and will thus have the frequency of the star ν * .
At the end of this process, we have a single, continuous lightcurve in which we can separate three components: a fixed background representing the overall average emission from the star, a continuous pulsed signal with the frequency of the star, and a certain number of wavetrains with the frequency of the spots.
As a final icing on the cake, we notice that normally accreting neutron stars are observed in X-rays, and therefore the observed signal is not a continuous lightcurve, but rather a series of photons which are detected as "events" by the instruments in X-ray telescopes. To switch from a continuous lightcurve to a more realistic series of events, we take advantage of the fact that common detection rates for this kind of objects in real observations are of the order of 10 2−3 γ/s. For millisecond pulsars, we have approximately one event per rotation, and we can thus safely assume these events as rare. In fact, these events are very well described by a Poissonian variate with an amplitude of probability corresponding to the number of photons detected per unit time.
Then, we obtain a Poissonian random variate with the given amplitude and thus create an event series with the same statistical properties as the "real" ones. This helps us compare the results in our Monte Carlo simulation with the observational properties of QPOs from real observations. 
Fixed wavetrains and QPOs
The movements observed in 3D simulations produce a modulation in the lightcurve emitted by the star. Let us assume that this modulation is purely sinusoidal, but of fixed duration, and thus the product of a sinusoid and a rectangular window function. It can be shown that the Fourier transform of such a sinusoidal wavetrain whose duration is T is a broad peak for which ∆ν ≈ 1/T , where ∆ν is the width of the peak. Hence, if we say that T is x times the period τ of the impulses, then the quality factor is:
Thus, Eq. 10 effectively says that the Q factor of a broad peak in the power spectrum produced by short wavetrains gives us an estimate on the duration of the wavetrains themselves. In nature, the Q factor of kHz QPOs is such that, if the model we propose is correct, the spot movements should last for hundreds of rotations in some cases. In our 3D simulations the hot spots rotate with a stable frequency for a much shorter time, but we must consider that the whole simulations only lasts tens of rotations, due to numerical problems that do not permit to maintain stable disk conditions. In nature the disk conditions are, in all probability, much stabler.
Description of the model and implementation
In this section we show in more detail the parameters of our model and the procedure to produce the simulated lightcurve.
Random number generation
To generate the random variates we used the very well tested functions of the GNU Scientific Library v.1.10 (Galassi et al. 2004) . As random number generator, we chose the luxury random number algorithm of Lüscher (ranlxd2), characterized by a period of about 10 171 , as implemented in the library itself.
Parameters
Every moving spot is represented by a wavetrain described by the following parameters:
• spot frequency ν s , corresponding to the angular velocity of the spot in the observer frame of reference; its value can be constant or vary in a given range;
• duration ∆T , whose values can assume a range of values between (∆T ) min and (∆T ) max ;
• background B, the amplitude (in γ/s), constant, of the simulated lightcurve;
• oscillation amplitude A, constant for a given wavetrain, but varying between different wavetrains from A min to A max . Its value is expressed as a pulsed fraction of the background. Fig. 5 . The green continuous line represent the magnetic boundary layer (for which matter pressure is equal to the magnetic field pressure) and the dashed line marks the corotation radius. In the bottom plot, the black line marks the radius at which matter has the same angular velocities as in the top plots.
It can also be further modulated as exponentially decreasing or Gaussian shaped during a given wavetrain;
• next spot appearance time t nex t , corresponding to the time between the appearance of two consecutive spots, again varying between t nex t min to t nex t max ;
• phase φ, which can assume any value between 0 and 2π.
Furthermore, we can also choose the frequency of the star ω * , used to produce the fixed spot emission and also as a unit of time to be consistent with the units used in 3D simulations, and the background level B, constant during the whole simulation.
Procedure
We first produce the continuous lightcurve by taking the following steps:
(i) we choose a frequency ν, a sampling time τ and a total length L of the lightcurve;
(ii) we choose a pulse shape (by default sinusoidal) and a window function (typically flat, Gaussian or exponentially decaying as in Fig. 7) giving the overall intensity variation of the wavetrains. It is of particular importance to also choose if we want a constant average intensity of the source (and so (t)d t = 0) or if we want the spots to create an additional luminosity ("burst-like"); (iii) we generate a random value (distributed according to a uniform or Gaussian variate) for A and ∆T ; (iv) we generate a random value (distributed according to a uniform, Gaussian or Exponential decay-like variate) for t nex t ;
(v) we produce a random value for φ; (vi) we generate a wavetrain of duration ∆T from t nex t , according to the formula:
(vii) we go back to (iii) if t < L (viii) to the lightcurve obtained, we add a constant background and a continuous sinusoidal modulation with frequency ω * .
At this point, we have the complete simulated lightcurve as it would be seen by an optical telescope. We only need the following few steps to obtain a series of events as in real Xray observations: (i) for every t we produce a random integer number N events , distributed according to a Poissonian variate with amplitude τA(t), corresponding to the expected number of events in the time τ;
(ii) we write in the output file the number of events N events "recorded" at the time t.
Spectral analysis
Fourier Transform is the main technique used to find periodicities in time series. The Fourier transform, in fact, gives a representation of the input function in term of its harmonic content. With Fourier transforms it is possible to find periodicities in a time series even if the amplitude of the periodic component is very small.
We performed a Fast Fourier Transform 1 on the data by means of the FFTW3 library (Frigo & Johnson 2005) , and obtained the power spectrum according to the formula
where x and y are the real and imaginary parts, respectively, of the Fourier transform of the time series, and N is the total number of simulated events. This is the standard normalization proposed by Leahy et al. (1983) , which is particularly useful in the case of Poissonian events. In fact, using this normalization the power spectrum of a constant background follows a χ 2 distribution with 2N bin degrees of freedom, where N bin is the total number of bins in the spectrum. In this way we have a very solid statistical framework to help us interpret our results.
In order to improve the signal to noise ratio, we performed the FFT on M consecutive chunks of data and obtained a single FFT from the average of the chunks. With the chosen normalization, the background has an average of 2 and a standard deviation of 2/ M (van der Klis 1988).
Example of Monte Carlo-produced QPO
The case in Fig. 8 is corresponding to a spin period τ * = 3ms and a hot spot period τ s = 2ms; we used a duration of the spot motion of ∆T = 50ms and t nex t = 100ms. The pulsed fraction of the moving spots was 20%, while that of the fixed spot was 10%. We can see the QPO peak at 1.5ν * and the sharp peak at the frequency of the star. On the right hand side of the same figure, the QPO peak is fitted and some details are provided: as one can see, the peak is well fitted by a Gaussian with σ = 0.01ν * .
CORRELATIONS WITH THE MASS ACCRETION RATE
In §3 and 4 we showed that movements of the hot spots can produce QPOs. In this section we show that those movements are not a fortuitous event, but in fact they present a predictable behavior. To show this, we study the change on the angular velocity of the hot spots as the mass accretion rate changes, performing a number of new simulations with different values of µ using Eq. 8 to find the corresponding values oḟ M . We then represent the frequencies observed from the spotomega diagrams against the corresponding values of µ andṀ in plots like those in Figs 9 and 10. To be complete, we include in the study all the frequencies visible in the spot-omega diagrams for all cases. We do not perform any choices on the frequencies to plot. Multiple frequencies appear in some cases simultaneously, in others at different times. The size of the bullets in the plots is proportional to the time the plotted features appear at during the runs. In this way is possible to see whether multiple features appear together or not.
In Figs. 9 and 10 the ν QPO s obtained from the spot-omega diagrams are plotted against the mass accretion rate and the dimensionless parameter µ (which determines the size of the magnetosphere) for several cases. As previously said, we choose to model a neutron star with B = 10 9 G, R = 10km, M = 1.4M . According to Eq. 8 we can use µ to changeṀ 0 , investigating the variation of ν QPO with respect to the measured value ofṀ.
The case in Fig. 9 describes an NS with τ * = 4.1ms. This is a case of almost stable accretion, except for high values of the accretion rate. As the accretion rate grows, the magnetosphere becomes smaller and smaller, and the hot spots move around the magnetic pole with an increasing frequency, as expected. WhenṀ reaches higher values the accretion is not stable anymore, and multiple hot spots appear, originating the multiple frequencies observed in Fig. 9 . In this case all the simulations were short compared to the ones in the next paragraph because of the appearance of numerical instabilities, and so all frequencies are observed at an early time.
The case in Fig. 10 describes unstable behavior, like we can see in Fig. 2 . In this case we can observe a peculiar behavior: the hot spots in the ring around the magnetic pole and the ones produced by instabilities move with different angular velocities. This movement is visible also from the spotomega diagram in Fig. 11 . This produces two traces in the spot-omega diagram, whose frequencies present the same approximate behavior, asṀ changes, as the ones seen in the first case. The frequency separation of the two peaks is in the correct range of values (200−300Hz) to suggest that the twin kHz QPO peaks often observed in nature could be originated in a similar way. A confirmation of this idea can be the fact that the upper kHz QPO is usually much less coherent than the lower one (di Salvo et al. 2003; Barret et al. 2006 investigate this particular aspect for a wide sample of LMXBs). In our simulations, the "upper" peak is produced by instabilities while the "lower" one is produced by the motion around the magnetic pole. Normally, unstable accretion is characterized by a much smaller coherence than the stable drift around the magnetic pole, except in the strongly unstable regime in which the two antipodal tongues maintain a constant angular velocity for a relatively long time ).
Both frequencies relate to the zone near the inner disk. The instabilities form at the edge of the disk, and hotspots produced by them have higher frequencies than those of the hotspots in the polar region, which are produced by matter captured by the field lines at a slightly larger distance (see Fig. 6, Fig. 2 ). The two frequencies move together aṡ M changes because both of them depend on the distance of the disk from the star. . ν QPO variation with respect to log 10Ṁ and µ for r c = 1.8 (τ * =5.4ms). As before, the scale at the top of the "ν QPO vs.Ṁ" plot is for a neutron star with B = 5 · 10 8 G, the one at the bottom for B = 10 8 G. Top and center cases have α = 0.02 and α = 0.03 respectively, while at the bottom the two cases are plotted simultaneously.
DISCUSSION
We developed a model of quasi-periodic oscillations based on the spot movements on the surface of the accreting neutron star with a slightly misaligned dipole magnetic field. 3D MHD simulations have shown that spots may rotate faster/slower than the star in cases of stable or unstable accretion (see also Romanova et al. 2003 Romanova et al. , 2004 ) and in the magnetic boundary layer regime ). We have shown that in all above cases, the spot movements develop ordered oscillations in the lightcurves. Modeling these oscillations as short-lived sinusoidal trains, we showed that if they are powerful enough to be seen, their fingerprint is a QPO. Given the range of values of the frequencies involved, we hypothesize that kHz QPOs could be produced in this way.
There are several features of QPOs that can give con-firmation to this model. First of all, the general trend with the mass accretion rate, as shown in §5, is as it is expected. Though it is not generally true that luminosity and mass accretion rate are proportional to each other, we can assume it to be true on a given source and for a short timescale. This is the case of the simulations in this paper, where only one parameter (the mass accretion rate) changed between the various simulations.
The rms amplitude of real life QPOs has a strong dependence on energy (Berger et al. 1996) , suggesting that the mechanism of emission is different from that of the background. In our opinion, this is because the QPOs are produced on the surface, or perhaps just above the surface by means of shocks in the accretion column similarly to what happens in AMXPs (see for example Gierliński et al. 2002) , while most of the background is produced by the disk. The rms amplitude is also generally higher in atoll sources (up to 20%) than in Z sources (2-5%) (Jonker et al. 2001) . The reason for this difference is probably related to the higher accretion rate of Z sources.
In some cases 3D simulations show that two frequencies appear at the same time. This numerical discovery is important for possible interpretation of two QPO peaks observed in a number of LMXBs. In fact, this mechanism for the production of multiple QPOs is able to explain more than the mere appearance of two peaks in the Power Spectrum. When double QPOs appear in observations, they normally present different behavior as regards their Q factor (di Salvo et al. 2003; Barret et al. 2006) , and hence (according to our assumption) their coherence time with the upper peak generally less coherent; in our model, this is due to the fact that the lower one comes from a smooth motion around the magnetic pole, while the upper one is produced by instability tongues, shorter-lasting and thus with a lower coherence. The term "unstable" should not mislead the reader though: the unstable regime is very common in simulations, expecially for fast rotators, also at small values of the mass accretion rate, as shown in Fig. 10 . A higher coherence of the upper kHz QPO, in our model, could in principle be produced by a very high accretion rate and the onset of the magnetic boundary layer regime, in which instabilities produce long-lasting opposite tongues in the equatorial plane. During this regime though, it is very probable that the zone around the surface of the neutron star is optically thick. Just as observations show, multiple QPOs can appear simultaneously or at different times.
green line in Fig. 1 ). The results of this paper can give insight into the matter: the frequencies found in observations are a probe of the interaction between the magnetic field and the disk.
ht Figure A1 . Hot spot shape for r c = 1.8 (τ * = 5.4ms), α = 0.03, µ = 0.5, and (Top) θ = 5
• , (Middle) θ = 15 • , (Bottom) θ = 30
• . For small misalignment angles, the hot spot moves with an approximately constant intensity around the magnetic pole. For bigger angles, the hot spot tends to stay fixed or to vary its intensity from a maximum value in the preferred position (which depends on the misalignment angle and onṀ) to a minimum value at the opposite side with respect to the magnetic pole.
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